Abstract-Fish exposed to pulp and paper mill effluents often become masculinized. A plausible hypothesis is that this is caused by activation of androgen receptors. The present study aimed to investigate if ligands for the fish gonadal androgen receptor (AR2) are present in pulp mill effluent and to characterize/identify these compounds. Extracts of both primary and biologically treated effluents from a Swedish kraft pulp mill were fractionated chemically. Fractions were tested in competitive binding assays for AR2 from ovaries of the Atlantic croaker (Micropogonias undulatus). Primary effluent contained 96 ng dihydrotestosterone equivalents/ L, whereas biologically treated effluent was 16 times less potent. Further fractionations and assays of binding activities were performed on the primary effluent. Eight final fractions displaced androgen in the binding assay, and gas chromatography/mass spectrometry (GC/MS) analyses revealed that these contained 37 detectable compounds that were not present in inactive fractions. The majority were moderately polar compounds between 200 and 400 g/mol with hydroxyl/carbonyl groups. Two compounds were ruled out because of their lack of binding to AR2. The mass spectra of a third compound matched that of 4-hydroxy-3 (2-(4-hydroxy-3methoxophenyl)ethyl)-5-metoxyacetophenon, but the remaining candidates could not be fully identified. A search for 21 known steroidal AR2 ligands showed that progesterone, a relatively strong AR2 ligand, was present in the primary effluent (1.6 g/L) but was removed during the biological treatment step. The detection of multiple fractions with significant binding activity indicates that a variety of compounds in effluents have the potential to masculinize fish near pulp mills via an androgen receptormediated mechanism.
INTRODUCTION
More than two decades ago, Howell et al. [1] reported that female mosquitofish (Gambusia) collected downstream from a pulp and paper mill in Florida, USA, had elongated anal fins resembling the male copulatory organ, the gonopodium. Subsequently, masculinization of fish associated with pulp and paper mill effluent exposure has been reported in several North American [2] [3] [4] , Swedish [5] [6] [7] [8] , and New Zealand [9] studies. Induction of a number of male secondary sex characters has been observed in fish, including gonopodium formation [1, 9] , male-like behavior [10, 11] , male-like coloration [7, 12] , and the formation of spawning tubercles [2, 12] . Possibly of greater toxicological and ecological significance is evidence that these effluents can also influence the gonadal sex of exposed fish [5, 6, 8, 12, 13] . Male-biased sex ratios in the broods of the viviparous eelpout were found in individuals collected in the vicinity of a large Swedish kraft pulp mill [5, 6, 8] . The malebiased sex ratios were observed in eelpout in 1997 and in 1998; they disappeared after a temporary mill shutdown in 1999 and reappeared again in 2000, 2001 , and 2002 after the mill resumed operations. Primary effluent and biologically treated effluent from the same mill caused masculinizing effects in female guppies; the guppies developed male-like colors, although neither their anal fin morphology nor the sex ratios of their offspring were affected by the exposure [7] . On the other hand, zebrafish exposed to effluent from the same mill produced male-biased broods, possibly reflecting differences in sensitivity between the species [13] . Finally, in sticklebacks (Gasteosteus aculeatus), exposure to effluent from the same mill caused induction of the androgen-inducible protein spiggin [14] .
Although only limited information is available on the receptors and physiological mechanisms that normally control the induction of secondary male sex characters in fish, it is known that they can be induced by androgen treatment [15] . Testosterone and dihydrotestosterone (DHT) are the major androgen hormones in mammals. Dihydrotestosterone is androgenic when administered to fish, but it does not appear to be a physiologically important hormone in this vertebrate group. Testosterone is a major sex steroid in fish, and circulating levels are frequently as high in females as in males. Despite its presence in both sexes, treatment with testosterone is effective in inducing male sex characters in most fish species. The male-specific androgens in fish have an additional functional group at the 11-carbon position of testosterone, such as 11-ketotestosterone [16] . This androgen is often more potent than testosterone in inducing various male sex characters and is probably the physiological inducer of many male sex characters in fish. The higher potency of 11-ketotestosterone may be due to its much lower binding affinity than testosterone for steroid binding proteins in fish plasma, resulting in higher levels of unbound free hormone in the circulation [17] [18] [19] . Androgen receptors (AR) with clearly higher specificity for 11-ketotestosterone than for testosterone have not been identified in fishes. Fish have at least two different ARs with somewhat different ligand specificities [20] [21] [22] . In the Atlantic croaker (Micropogonias undulatus), AR1 is primarily present in the brain, whereas AR2 is the major form in the gonads [20, 21] . Both receptors have higher affinity for testosterone than for 11-ketotestosterone, but AR1 is less promiscuous. A number of xenobiotics bind to AR2 with weak to moderate affinity.
A plausible hypothesis to explain the masculinizing effects of pulp and paper mill effluents in fish is that these effluents contain AR agonists that mimic the action of the natural androgens. Other mechanisms, however, could cause these responses, such as alterations of endogenous androgen or androgen receptor levels. It was suggested in early reports that the masculinization of mosquitofish in Florida was caused by androgenic steroids, such as androstenedione (4-androstene-3,17-dione) and androstadienedione (1,4-androstadiene-3,17-dione) produced by microbial degradation of phytosterols from the effluent [23, 24] . During the analyses of the present study, Jenkins et al. [25] reported that river water downstream from the Florida mill contained relatively high concentrations (40 ng/L) of androstenedione. The steroid was suggested to be associated with high in vitro androgenic activity of the water. Similar levels (Ͼ100 ng/L) of androstenedione were also found by Durhan et al. [26] ; however, they showed that the androstenedione was not associated with the androgenic activity of the effluent as assessed by a human AR reporter cell assay. It is of urgent interest to identify androgenic compounds in pulp and paper mill effluents. However, comprehensive fractionations of the complex chemical mixtures in these effluents, required for the separation of active components from other compounds and their subsequent characterization, have not been conducted to date.
The aim of the present study was to identify/characterize potential androgen receptor ligands in effluent from the Swedish pulp mill that had been shown to induce masculinization of fish in previous studies. Extracts of effluent were tested in competitive binding assays for the ovarian AR2 from the Atlantic croaker. Extracts showing displacement in the AR2 binding assay were further fractionated and tested again after each fractionation step using an iterative process. The fractions were analyzed by GC/MS to identify putative ligands, some of which were tested singly in the AR2 assay. As a complementary strategy, a targeted search for known steroidal AR2 ligands was also performed.
MATERIALS AND METHODS

Chemicals
The 21 steroids used for the targeted analysis described here were purchased from Steraloids (Newport, RI, USA). The O- (2,3,4,5,6-pentafluorobenzyl) hydroxylamine (PFBHA); 4-pregnen-17␣,21-diol-3,20-dione; 4-pregnen-21-ol-3,20-dione; and 4-pregnen-17-ol-3,20-dione were obtained from SigmaAldrich (Milwaukee, WI, USA); methanol (Lichrosolv), 2-propanol (Lichrosolv), ethyl acetate (Suprasolv), pyridine (pro analysi), trifluoroacetic acid (Uvasol), and n-hexane (Lichrosolv) from Merck (Darmstadt, Germany); ethanol (99.5% spectrographic grade) from Kemetyl (Haninge, Sweden); sulfuric acid (pro analysi) from Fisher Chemicals (Leicestershire, UK); and cyclopentane high-performance liquid chromatography (HPLC)-grade and N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) (puriss) from Fluka (Buchs, Germany). Water was of Milli-Q (Millipore, Bedford, MA, USA) quality. All chemicals and reagents were tested for purity before analysis.
Effluents
The investigated effluents were from the same total chlorine-free bleaching (TCF) kraft pulp mill where the previous studies on the eelpout have been performed [5, 6, 8] and from which effluents for the guppy [7] , stickleback [14] , and zebrafish [13] studies were sampled. Grab samples of effluents were taken in the fall of 2000 at the inlet (primary effluent) and outlet (final effluent) from the biological treatment step during a stable period of softwood (spruce and pine) pulp production since softwood pulp constitutes the majority of the production from the mill. The biological treatment step reduced the organic matter by 80% measured as chemical oxygen demand. All samples were frozen until extracted. Additional effluent samples were collected in 2002 for complementary chemical analyses of known AR2 ligands.
Extracts
Methanol (200 ml) was added to 10 L of each effluent, and the pH was adjusted to 4 with sulfuric acid. The prepared samples were subjected to solid-phase extraction through a highly cross-linked polystyrene divinylbenzene adsorbent (Isolute ENVϩ, 5 g; International Sorbent Technology, Mid-Glamorgan, UK) conditioned with 10 ml ethyl acetate, 10 ml ethanol, and 10 ml Milli-Q water. A glass fiber pad was placed at the top of the column. The extraction was performed at a rate of 1 L/h, after which the adsorbent and fiber pad were dried under N 2 and the substances eluted with 50 ml ethyl acetate. The solvent was reduced to a small volume using a rotating evaporator, after which a small amount of ethanol was added followed by 4 ml of cyclopentane.
Fractionations
Step 1: Semipermeable membranes. Pilot studies on less well-defined ''historical'' extracts of effluents were performed initially. They showed displacement in the AR2 assay described here, but Scatchard analyses with different amounts of effluent suggested that the displacement was caused by noncompetitive destruction of receptor binding rather than competitive binding (data not shown). It was suspected that this destruction could be caused by high-molecular-weight compounds in the extracts. The natural ligands for androgen receptors have molecular weights of approximately 300 g/mol, and it was regarded as unlikely that potential ligands in the effluent had considerably larger molecular weights. High-molecular-weight compounds (Ͼ600 g/mol) were therefore removed in the first step when preparing the extracts for this study. Polyethylene molecular-weight cutoff tubes (2.5 ϫ 10 cm, cutoff 600 Da; Exposmeter, Tavelsjö, Sweden) were filled with 1 ml extract, sealed, and extracted with 3 ϫ 30 ml cyclopentane in 3 ϫ 24 h. The three aliquots of cyclopentane were pooled, reduced using a rotating evaporator, and redissolved in 300 l ethyl acetate.
Step 2: Gel permeation chromatography (GPC). Each extract was injected in two portions (to avoid overload) onto a 35 ϫ 4-cm GPC column filled with 60 g Bio-Beads SX3 (polystyrene divinylbenzene copolymer, 200-400-m mesh; BioRad Laboratories, Richmond, CA, USA). The substances were eluted with ethyl acetate at a rate of 4 ml/min. Three fractions were collected: A (16-24 min), B (24-38 min), and C (38-48 min). The fractions were evaporated under N2 and analyzed with the AR2 binding assay described here.
Step 3: High-resolution gel permeation chromatography . The substances were eluted with ethyl acetate, 0.8 ml/min. This method is a mixture of polarity and size separation with a markedly higher resolution than the previous step. The fractions were evaporated under N 2 and analyzed with the AR2 binding assay. A subsample of all fractions was analyzed by gas chromatography/ mass spectrometry (GC/MS) before and after silylation.
Step 4: C18 column chromatography (100% methanol). The HRGPC fractions III, IV, V, and VI were further fractionated on a 4.6 ϫ 25-cm C18 column (5 m; HighChrom, Reading, UK) with 100% methanol. The more polar compounds elute first in this system. The extracts were injected in four portions to avoid overload and were eluted with 1 ml methanol/min. Six subfractions were collected: 1 (1.5-5 min), 2 (5-11 min), 3 (11-13 min), 4 (13-15 min), 5 (15-17 min), and 6 (17-19 min). The fractions were evaporated under N 2 and analyzed with the AR2 binding assay. A subsample of all fractions was analyzed by GC/MS. Some wood-derived sterols elute in fractions 4 to 6 in this system.
Step 5: Phenyl column chromatography (75% methanol). In order to separate out the resin acids, present in high concentrations in pulp mill effluents, the active extracts from step 4 were fractionated on a phenyl column (4.6 ϫ 250 mm, 5 m ACE; Advanced Chromatography Technologies, Aberdeen, UK) and eluted with 75/25% methanol/water with 0.01% triflouroacetic acid (1 ml/min). Step 6: C18 column chromatography (65% methanol). The active fractions from step 5 were separated on the C18 column again, but this time the samples were eluted with 65/35% methanol/water with 0.01% triflouroacetic acid (1 ml/min) to increase the separation. For each separation, six subfractions were sampled: 1 (2-7 min), 2 (7-20 min), 3 (20-30 min), 4 (30-40 min), 5 (40-50 min), and 6 (50-70 min). The fractions were evaporated under N 2 and analyzed with the AR2 binding assay. A subsample of all fractions were analyzed by GC/MS before and after silylation.
GC/MS analyses
The extracts were analyzed in splitless mode using an HP 5890 series II gas chromatograph, coupled to a JEOL lowresolution automass (Delsi-Nermag Instruments, Argenteuil, France) with electron impact ionization in full scan mode, 70 eV. The ion source was 200ЊC. The column (0.25 mm ϫ 30 m 0.25 m, BP5MS; SGE International, VIC, Australia) was set at 90ЊC for 1 min, followed by a rapid rise to 225ЊC and a slower increase (8ЊC/min) up to 300ЊC. The injector temperature was 270ЊC. To examine the presence of hydroxy groups, several extracts were silylated before analysis. The solvent was evaporated, and 100 l BSTFA was added and heated to 70ЊC for 30 min and analyzed by GC/MS using electron impact ionization in full scan mode.
Model substances
A number of model substances were used in the different eluting systems to optimize and control the separation and to track where different groups of substances would end up if present in the effluent. The model substances are presented in the SETAC Supplemental Data Archive (Item ETC-25-02-01, Table 1 ; http://etc.allenpress.com) together with information on which fractions they elute in. Some of these substances have earlier been suggested as potential endocrine disruptors in pulp mill effluents. To further examine fractionation limits, all fractions were analyzed by GC/MS, and areas of the dominating ions were calculated to ensure that no overload of the different columns had occurred.
Screening of known steroidal AR2 ligands
As a complementary strategy, 21 carbonyl-containing steroids known to bind to the fish AR2 were analyzed in effluent samples from 2002 (see SETAC Supplemental Data Archive, Item ETC-25-02-01, Table 2 ; http://etc.allenpress.com). Primary effluent and final effluent from the biological treatment step were extracted and fractionated as described previously to reduce potential matrix effects. However, an initial washing step with phosphate buffer (pH 8) was added, and steps 1 and 3 in the fractionation scheme were omitted. Raw extracts from ENVϩ were washed with phosphate buffer (pH 8) before fractionation to remove less lipophilic and acidic compounds. The corresponding effluent fractions were treated with PFBHA to produce fluorinated oximes of the carbonyl compounds. This improves analytical sensitivity. Furthermore, asymmetric molecules with carbonyl groups give rise to two or more geometric isomers that can be separated on the GC column but have identical mass spectra. This approach further supports a correct identification of the compounds. To produce the oximes, the extracts were first evaporated to dryness. Pyridine (100 l) containing 10 mg PFBHA/ml was added and heated to 60ЊC for 30 min. After evaporation, 2 ml hexane were added, and the hexane phase was washed with 5 ml 0.1 M HCl. The extracts were analyzed on a HP series II gas chromatograph. The column (0.25 mm ϫ 15 m, SGE; 0.1 m, DB5MS) was set at 90ЊC for 2 min, followed by a rapid rise to 200ЊC and a slower increase (5ЊC/min) up to 315ЊC. The injector temperature was 280ЊC. Helium was used as carrier gas. The gas chromatograph was coupled to a SSQ 7000 quadropole mass spectrometer (Finnigan MAT, San Jose, CA, USA) using electron capture negative ionization with ammonia as reaction gas. The ion source was 180ЊC, emission current 400 mA, and voltage 70eV. The oximes were analyzed in full scan mode, and typical fragments were chosen for later analyses in selected ion monitoring mode to increase sensitivity. Progesterone was added to primary effluent samples in a standard addition experiment at three different concentrations to quantify the progesterone detected in the effluent. After our finding of progesterone in primary but not biologically treated effluent, we also analyzed both primary and biologically treated effluent for the oximes of three structurally related steroids (4-pregnen-17␣,21-diol-3,20-dione; 4-pregnen-21-ol-3,20-dione; and 4-pregnen-17-ol-3,20-dione) using PFBHA-treated effluent extracts.
Androgen receptor assay
The fractions were tested in a competitive binding assay for AR2 according to the methods described by Sperry and Thomas [20] . Briefly, the assays were performed in test tubes on cytosolic receptor preparations from ovaries of the Atlantic croaker. Tritiated dihydrotestosterone (DHT, 1 nM, specific activity, 98 Ci/mmol) in assay buffer (50 l) was used as tracer.
Varying amounts of nonlabeled DHT in ethanol or extracts diluted in ethanol were first added to test tubes as competitors. The ethanol was evaporated, and then the tracer and 250 l of the cytosolic receptor preparation were added to each tube and incubated at 4ЊC overnight. Bound and free tracer were separated using dextran-coated activated charcoal (10 min), and the total amount of bound tracer was measured in a scintillation counter. Parallel samples with 160 nM nonlabeled DHT were included to calculate the amount of nonspecific binding. Specific binding was calculated by subtracting nonspecific binding from total binding. All samples were analyzed in duplicate, and each assay was repeated at least twice. Competition curves were generated for each effluent to check for parallelism. An approximate measure of the binding activity of each fraction in DHT equivalents was estimated for each fraction from the amount of extract that was required to displace the same amount of label as 1 nM unlabeled DHT (ϳ50%). To further verify that the displacement was due to competitive binding and not due to destruction of receptors, Scatchard analyses were performed with varying amounts of the two raw B fractions of the primary and final effluents.
RESULTS
Steps 1 and 2: Semipermeable membranes and gel permeation
The C fraction and the A fraction of the final effluent caused no or very little displacement of [ 3 H] DHT from the AR2 receptor ( Fig. 1A and Table 1 ). The A fraction from primary effluent and the B fraction of the final effluent both contained about 6 ng DHT equivalents/L, whereas the B fraction from the primary effluent contained about 90 ng DHT equivalents/ L. Scatchard analyses were performed in the presence of varying amounts of each of the two B fractions. Data from three separate analyses did not suggest any destruction of receptors by either of the effluents (data not shown). We decided to further fractionate only the B fraction of the primary effluent because it had much higher initial activity, which would offset expected losses at each fractionation step.
Step 3: HRGPC column chromatography
Most of the binding activity in the AR2 assay was found in fraction IV (35 ng DHT equivalents/L), followed by 14, 8, and 7 ng DHT equivalents/L in fractions III, V, and VI, respectively. No displacement of DHT from the receptor was found in the other fractions (Table 1) . Parallel experiments with model substances demonstrated that nonylphenol and genistein would elute in fraction II, and resin acids would be found in fractions III and IV, the sterols in fraction IV, and testosterone in fraction VI. The fractions were still very complex as revealed by the GC/MS analyses ( Fig. 2A) . As expected, considerable amounts of resin acids and wood sterols ( Fig. 2A and C) were found in fractions III to V. No detectable amounts of genistein, androstenedione, androstadienedione, testosterone, estradiol, or estrone were present in the effluent as determined by GC/MS analysis (detection limits ϳ200 and 50 ng/L original effluent for genistein and the steroids, respectively).
Step 4: C18 column chromatography (100% methanol)
The HRGPC fractions III to VI were each further separated on the C18 column into six subfractions (1) (2) (3) (4) (5) (6) . Only the first subfractions displaced DHT binding in the AR2 assay (see example in Fig. 1B ). Fractions III:1 and IV:1 contained approximately 26 ng DHT equivalents/L each, whereas V:1 and VI:1 contained 10 and 5 ng DHT equivalents/L, respectively ( Table 1 ). The resin acids eluted primarily in III:1 and IV:1, lupeol and stigmasterol in IV:4, ␤-sitosterol in IV:5, and stigmastanol in IV:6.
Step 5: Phenyl column chromatography (75% methanol)
The first C18 fractions of HRGPC fractions III to VI were each separated on the phenyl column into four subfractions (A-D). The AR2 assay showed displacement with six fractions: III:1:A, III:1:B, IV:1:A, IV:1:B, IV:1:C, and V:1:B-4, 8, 1, 6, 1, and 2 ng DHT equivalents/L, respectively ( Table  1 ). The resin acids eluted in III:1:C and IV:1:C.
Step 6: C18 column chromatography (65% methanol)
These six fractions were separated on the C18 column again, now operated with a more polar mobile phase allowing separation of the substances in fraction 1 (fractionation step 4) that contained active substances. Each fraction was separated into six subfractions (1) (2) (3) (4) (5) (6) . Of the 36 subfractions tested in the AR2 assay, eight showed displacement: III:1:A:1, 2, and 4; III:1:B:2, 5, and 6; IV:1:A:2; and IV:1:B:6-1, 2, 2, 1, 1, 1, 1, and 2 ng DHT equivalents/L, respectively.
GC/MS analyses of final fractions
The chromatograms after step 6 were still rather complex, although a decrease in complexity was observed after each fractionation step (compare Fig. 2A and B) . To identify individual compounds that could bind to AR2, spectra from all peaks in both inactive and active fractions were compared. By excluding substances that occur in inactive fractions or in both active and inactive fractions, 37 spectra were identified as corresponding to potential AR2 ligands (see SETAC Supplemental Data Archive, Item ETC-25-02-01; http:// etc.allenpress.com). Molecular weights and other predicted characteristics of the compounds are presented in Table 2 . Corresponding spectra from silylated fractions were compared to identify compounds with hydroxyl groups. All 37 spectra were compared with available National Institute of Standards and Technology databases containing 60,000 spectra, spectra from low-molecular compounds in pulp and paper mill effluents available in the literature [27] [28] [29] , and published spectra on steroids [30] . Two substances (nos. 6 and 8) were positively identified by comparing mass spectra and retention times to authentic reference compounds. These were vanilla (4-hydroxy-3metoxybenzaldehyde) and ethyl vanillate (4-hydroxy3metoxybenzoic acid ethyl ester).
Tests of single compounds in the AR2 assay
Vanilla and ethyl vanillate did not show any displacement in the AR2 assay (data not shown). Some resin acids (neoabietic acid, pimaric acid, palustric acid, abietic acid, levopimaric acid, dihydroabietic acid, and isopimaric acid) and retene were also tested singly in the AR2 assay. All were between 10 5 and 10 6 times less potent than DHT in displacing radiolabeled DHT from AR2 (Fig. 1C and D) . 
GC/MS analysis of known steroidal AR2 ligands
Displacement was found in the fraction where testosterone would elute (Table 1 and SETAC Supplemental Data Archive, Item ETC-25-02-01, Table 1 ; http://etc.allenpress.com), and several of the potential AR2 ligands shared characteristics with steroids. Also due to the findings by Jenkins et al. [25] , we performed a directed search for known steroidal AR2 ligands (see SETAC Supplemental Data Archive, Item ETC-25-02-01, Table 2 ; http://etc.allenpress.com) in both primary and final effluent using a more sensitive analysis with PFBHA-treated extracts as described previously. Progesterone was identified in the primary effluent at a concentration of 1.6 g/L (adjusted for recovery) but not in the biologically treated effluent (detection limit approx. 10 ng/L; Fig. 3) . None of the other steroidal ligands were identified in the effluent. Known amounts of progesterone were added to primary effluent samples to estimate recovery through the extraction procedures. The calculated yield for progesterone was 63% after the GPC and C18 fractionations. None of the three analyzed steroids structurally related to progesterone (4-pregnen-17␣,21-diol-3,20-dione; 4-pregnen-21-ol-3,20-dione; and 4-pregnen-17-ol-3,20-dione) were detected in the effluents. (6) III (14) IV ( 
DISCUSSION
We have used a bioassay-assisted fractionation approach to characterize potential androgen receptor ligands in pulp mill effluents. Chromatographic fractions with different compositions show binding activity in a fish androgen receptor assay. Thus, there are several compounds in pulp mill effluent that have the potential to influence androgen signaling in fishes via this mechanism. The use of a fish AR binding assay has an apparent advantage over more readily available alternative mammalian in vitro assays since fish receptors may differ from mammalian receptors in their binding characteristics. However, the assay cannot distinguish androgen receptor agonists from antagonists. Our approach was successful in finding and partly characterizing candidate AR ligands, although many of the candidates appeared to be novel compounds whose full identities remain unknown. After a directed search for steroids known to bind to androgen receptors, we identified progesterone at relatively high concentrations (1.6 g/L) in primary pulp mill effluent. Apparently, complementary approaches including both open and directed methods can be useful in the search for biologically active compounds in complex mixtures, such as pulp mill effluents.
Progesterone binds to the croaker AR2 with only 20 times less affinity than DHT [20] . The androgenic properties of progesterone in vivo are also well known. In a recent study by Jenkins et al. [31] , progesterone was found downstream from a paper mill in Florida at similar levels (2.0 g/L) to those reported here. The occurrence of progesterone in effluents from two mills that process different species of wood and are using different production technologies indicates that progesterone may be a widespread by-product from the production of pulp and paper. The absence of progesterone in the final effluent from the Swedish mill may suggest that the type of effluent treatment (activated sludge treatment at the Swedish mill [7] ) could be important for removing progesterone.
Jenkins et al. [31] proposed that progesterone is formed in pulp mill effluent by microbial degradation of phytosterols in the settling ponds. However, our results show that progesterone is present before biological treatment. This demonstrates that progesterone is produced during the pulping process or earlier rather than a result of microbial activities. Adesogan and Taylor [32] reported that 20␤-acetoxy-3-oxopregn-4-ene was found in petroleum extracts of the cortex of Khaya grandifolia. This steroid could easily be hydrolyzed and oxidized to progesterone. Similarly, Guitérrez et al. [33] identified several steroid ketones, including stigmast-4-ene-3-one, in Eucalyptus globolus wood and process water of a TCF mill processing E. globulus. The authors concluded that a majority of the steroids and sterols found arise from the wood and survive the pulping process in a TCF mill. Together, these findings suggest that progesterone or precursors to progesterone are naturally occurring compounds in different species of wood.
Jenkins et al. [31, 34] further suggested that progesterone, via transformation to 17␣-hydroxyprogesterone, serves as an intermediate in the microbial formation of androstenedione and other biologically active androgens. Since progesterone is a relatively potent AR ligand in fish, it is possible that progesterone can masculinize fish without any prior conversion exogenously to other androgens. Endogenous progesterone is a precursor to C19 androgens in fish as well as in other vertebrates. Thus, progesterone from effluent could potentially be converted to more potent C19 androgens within the fish. It remains to be determined by controlled in vivo experiments if androstenedione and progesterone are contributing to the masculinization effects found in fish exposed to pulp and paper mill effluents. We were not able to detect 17␣-hydroxyprogesterone (4-pregnen-17-ol-3,20-dione; CAS 68-96-2) or androstenedione in either primary or final effluents of the Swedish mill. Thus, it is not likely that androstenedione, 17␣-hydroxyprogesterone, or progesterone are masculinizing fish exposed to effluent from the Swedish pulp mill.
Despite finding progesterone in primary effluent in the directed search of effluents sampled in 2002, we were not able to find progesterone in any of the fractions analyzed for AR2 binding activity from effluent sampled in 2000. After adding progesterone to effluent with the intent of tracking it through the fractionation scheme, we found that in the presence of matrix (effluent), the recovery of progesterone was poor from the semipermeable membranes used to remove high-molecular compounds interfering with the biological assay. In the later directed and strictly chemical search, semipermeable membranes were not used. This may explain why progesterone was not found in the first search. This also points out that, while being able to track AR competition during several fractionation steps, we may have lost some candidates because of the precautionary actions taken to remove interfering substances.
Extracts of both primary effluent and biologically treated effluent showed displacement in the AR2 assay, supporting the hypothesis that masculinizing effects caused by pulp mill effluents are caused by compounds binding to ARs. This observation is also in accordance with the earlier finding of AR ligands in pulp/paper mill effluent [25, 35] or in livers of fish exposed to a Canadian kraft pulp mill effluent in vivo [36] . An alternative hypothesis, that masculiniziation could be caused by a reduction in aromatase activity, the enzyme that converts androgens to estrogens, was raised by Orlando et al. [37] . However, the authors did not find any evidence for this hypothesis. Thus, to date, the most plausible hypothesis appears to be that androgen receptor agonists in these effluents are causing the masculinizing effects observed.
The biological treatment reduced AR2 displacement from 96 to 6 ng/L DHT equivalents. It should be noted that these figures do not include a contribution from progesterone in the primary effluent because of the poor recovery from the semipermeable membranes. We tracked AR2 displacement in the extracts after six fractionation steps, with a concomitant decrease in complexity of the fractions. The apparent increase in displacement from fractions III to III:1 and from III:1:A to III:1:A:1-4 may be caused by removal of interfering components, or possibly it is a result of normal interassay variability. Analyses with GC/MS revealed 37 putative androgen receptor ligands in eight final fractions of the primary effluent. The list was reduced to 35 after testing vanilla and ethyl vanillate. Most of these compounds probably do not compete for binding to the AR2, but it is clear that the effluent contains several compounds that do since fractions with distinct compositions displace DHT in the receptor assay.
The resins acids, often found in high concentrations in pulp mill effluents, were present in the early fractions showing displacement, but in the final fractionation steps they did not end up in the active fractions. Some common resins acids were nevertheless assayed for AR2 displacement, and in accordance they showed very weak displacement. The plant sterols (stigmasterol, ␤-sitosterol, and stigmastanol), which also constitute a large part of pulp mill effluents, were excluded from the candidate list in step 4. Retene, another suggested endocrine disruptor in pulp mill effluents [38] , was excluded in step 2 but was also tested singly in the AR2 assay, where it showed very weak displacement. Kiparissis et al. [39] found genistein, a known estrogenic compound, in treated (9.5 g/L) and untreated (13.5 g/L) effluent from a Canadian pulp mill. However, genistein was not detected in the primary effluent investigated in this study.
Many of the putative AR2 ligands have molecular weights around 300 kDa, which is similar to that of steroids. From the elution profiles of the model substances with known log octanol-water partition coefficient (K ow ), one can conclude that all candidate compounds are moderately polar, as are many steroids. Although progesterone was the only positively identified androgenic steroid in the effluent, several of the mass spectra of the 37 candidates superficially resembled those of steroids or sterol-like compounds. Looking at characteristic fragment losses (m/z 15, 18, and 33) before and after silylation, it is likely that most of the compounds have hydroxyl and/or carbonyl groups. Several spectra have the characteristic fragment of aromatic structures (m/z 91). Compound 37 is very similar to ergosterol. Indeed, many compounds in pulp mill effluent contain the classical steroid skeleton. Our data fit the hypothesis that the androgenic properties of pulp mill effluents are caused by such steroids, although we cannot exclude a contribution from compounds with quite different structure. In addition to vanilla (no. 6) and ethyl vanillate (no. 8), other vanilla derivatives are present in III:1:A:1 (nos. 11 and 13), and in III:1:B:6 some neutral carbonyl compounds can be found (nos. 17, 18, 19, and 23) . Number 23 is probably an abietic ester. Number 22 appeared to be 4-hydroxy-3 (2-[4-hydroxy-3methoxyphenyl]ethyl)-5-metoxyacetophenon, but the authentic compounds was not available for verification. In fraction IV:1:B:6, a dipertenoid substance dominates that appears to be a derivate of dehydroabietic acid, with the carbonyl group exchanged with a methoxy group (no. 33). A future reexamination of the mass spectra may identify more AR ligands in the effluents.
Androgenic activity has also been demonstrated in sediment from several UK estuaries in an in vitro assay and in sewage effluent using a yeast-based androgen screen [40] . The great majority of the in vitro androgenic activity in the sewage effluent could be accounted for by natural, human androgens or their metabolites (DHT, androstenedione, androstanedione, 5␤-androstane-3␣,11beta-diol-17-one, androsterone, and epi-androsterone). In the present study, none of these androgens was detected.
In conclusion, we have demonstrated the presence of multiple ligands to a fish androgen receptor (AR2) in effluent from a Swedish pulp mill. One of these was progesterone. Biological treatment of the effluent removed progesterone and reduced but did not eliminate the amount of androgen receptor binding activity. In primary effluent, 37 candidate receptor ligands were found and identified or partly characterized. Many of these were moderately polar compounds, 200 to 400 Da in size and with hydroxyl/carbonyl groups. These findings support the hypothesis that the masculinization of fish found near pulp mills is caused by androgen receptor ligands in the effluents.
